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Introduction
51
Blood flow-restricted low-load strength training (BFR) provides comparable improvements in 52 muscle strength and muscle mass to those seen after traditional heavy-load strength training (HST) 53 (33, 34, 66) . This similarity is evident despite utilization of protocols with training loads as low as 54 20% of one repetition maximum (1RM) (33), far below recommendations set for strength training, 55 typically advocating loads >60-80% of 1RM to obtain sufficient mechanical stress to maximize 56 muscular adaptations (52). It has thus been argued that muscular adaptations seen after BFR are 57 dependent on cellular stressors such as metabolic/oxidative stress (48, 73), hyperemia and cell 58 swelling (35, 48) , rather than mechanical stressors. This could well involve signaling through 59 alternative pathways (22), a notion that is supported by the unprecedented ability of BFR to activate 60 myogenic satellite cells (46), its seemingly superior ability to stimulate type 1 fibers (8, 46) , and its 61 claimed ability to result in more pronounced changes in serum concentrations of human growth 62 hormone (s-HGH) (40, 65) . Contrasting this, others have speculated that BFR protocols exhibit type 63 2 fiber-dominant features (38) and display hormonal responses similar to HST (30).
64
It is surprising that a mere handful of studies have investigated gene expression-responses to strength and muscle cross sectional area (CSA), but that they would result in different adaptations 76 and responses on the cellular level. We investigated effects of twelve weeks of twice-a-week 
Methods
84
Ethics statement 85
The Regional Committees for Medical and Health Research Ethics South-East in Norway
86
(2010/2679) approved the study, which was performed in accordance with the Declaration of 
90
Experimental design 91
Fifteen healthy untrained female volunteers (23±3 years, 167±8.0 cm, and 70±20 kg) were recruited 92 from a student population. Inclusion was limited to individuals who had performed less than one 93 strength training session per week for the 6 months leading up to the study. Three subjects did not 94 complete the study for reasons unrelated to the study protocol. The training protocol consisted of 95 twelve weeks of two unilateral knee-extension exercises per leg per week (Technogym Silver Line, 96 Gambettola, Italy). In a randomized manner, BFR was allocated to one leg, while HST was 97 allocated to the other leg. The rationale behind choosing such a with-subject protocol, as opposed to 98 a between-subject protocol, was to enable comparison of the two training modalities in a manner 99 that was not limited by the large variation typically seen in training responses between human 100 subjects (67). To lower the probability of contralateral effects of either of the two training protocols, i.e. to avoid training of one leg to affect the other leg, BFR and HST was performed on different 102 days in an alternating fashion; i.e. each subject performed training four days a week, two for each 103 mode of training. This is in line with data presented by Madarame et al. (36) , who found 104 contralateral effects to BFR only in limbs (i.e. arms) that performed training on the same day. BFR 105 and HST protocols utilized in the current study represent two quite typical and proven protocols for 106 each type of exercise, which indeed was the practically relevant rationale for comparing them.
107
Prior to upstart of the twelve weeks training program, each subject was given supervised 108 familiarization sessions to ensure proper lifting technique and testing procedures. For both BFR and 109 HST protocols, the duration of each concentric and eccentric phase was set to one second, 110 monitored using a metronome. Subsequent to the familiarization session (>48h), 1RM in unilateral 111 knee extension was determined, using the same knee-extension apparatus as was utilized during 112 training. 1RM testing was repeated after six and twelve weeks of training.
113
Throughout the intervention, each training session was preceded by 10 minutes of general 114 warm-up on a spinning cycle. Certified personnel supervised all training sessions. During BFR 115 sessions, blood flow restriction was induced by a 18 cm wide pressure cuff (Delfi Medical, 116 Vancouver, Canada) connected to a tourniquet system (Welch Allyn, NY, USA). The cuff was 117 wrapped around the proximal part of the thigh. For the initial six weeks of the intervention, the cuff 118 was inflated to 90 mmHg, whereupon the pressure was increased to 100 mmHg. The BFR protocol 119 consisted of five sets of repetitions to failure at 30% of 1RM, calculated from 1RM tests performed 120 at week 0 (wk0) and week 6, with 45 seconds rest between sets, and was a modified version of the 121 protocol presented in Wernbom et al. (72) . This resulted in an average weekly training volume of 122 1221 ± 320 reps x kg. Between 1RM tests, training progression occurred through increased numbers 123 of repetitions (to exhaustion) at the constant workload of 30 % of 1RM. As an example of the 124 number of repetitions performed in each of the five sets in a given training session, in week 5 125 subjects typically performed the following ranges of repetitions: set1, 35-45 reps; set 2, 20-30 reps; 126 set 3, 10-20 reps; set 4, 8-15 reps; set 5, 6-12 reps. The cuff was kept in an inflated state throughout 127 BFR sessions, including during periods of rest. For details about the conducted training, see Table   128 1. 
Muscle biopsies and blood samples 141
Biopsies were sampled from VL of both legs using the Bergström procedure, as previously 142 described (Ellefsen et al., 2014a) . Biopsy sampling was performed at the following time points: i) in 143 a rested state at wk0, ii) 1h after completing BFR and 10RM HST sessions at wk0 (representing the 144 two training sessions succeeding the familiarization session), iii) in a rested state at week 12 145 (wk12), and iv) 1h after completing BFR and 10RM HST at wk12 (the two last training sessions).
146
The first biopsy was sampled from an area situated ~1/3 along the length of femur, as related to its 147 distal end-point in the knee. Subsequent biopsies were sampled two cm proximally to the previous 148 biopsy. Biopsy sampling was performed under local anesthesia (Xylocain + adrenalin, 10 mg/ml + 149 5 μg/ml, AstraZeneca PLC, London, UK), and typically resulted in ~200 mg of muscle tissue per 150 sampling event (50-150 mg x 2-3). Biopsies were obtained from nine of the twelve subjects, with 151 the remaining three subjects choosing to refrain from such sampling. To reduce the total number of 152 sampling events, rested-state biopsies at wk0 were collected from one leg only, allocated to either 153 the right or the left leg in a randomized manner. Subjects were instructed to abstain from physical activity for the last 48h leading up to biopsy sampling events, and were instructed to abstain from protocol before storage at -80° C until RNA extraction.
163
Blood samples for hormonal analyses were sampled at the following time points: i) in a 164 rested state at wk0 (immediately prior to BFR and HST sessions), ii) 1 min and 30 min after 165 completing BFR or HST training at wk0, iii) in a rested state at wk12 (immediately prior to BFR or 166 HST sessions), and iv) 1 min and 30 min after completing BFR or HST training at wk12.
167
Unfortunately, in connection with BFR at wk0, we were unable to retrieve blood samples from two 168 of the subjects. These subjects are thus not included in the wk0 data set. In resemblance with the 169 protocol followed during biopsy sampling, subjects were instructed to abstain from physical activity 170 for the 48h leading up to blood sampling events and to abstain from ingestion of anything other than 171 water for the 2h preceding sampling. Blood samples were drawn from an antecubital vein into 172 serum-separating tubes and were incubated at room temperature for 30 min before centrifugation at 173 1400g for 15min. Serum were stored at -80° C until analysis.
174
Magnetic resonance imaging (MR) 175
Cross sectional areas of QUAD and VL were assessed in all twelve subjects at wk0 and wk12 using Netherlands), according to manufacturer's protocol. Images were analyzed in a blinded fashion, 178 using OsiriX version 5.6 (Pixmeo, Geneva, Switzerland). During subsequent analyses, QUAD and 179 VL were divided into proximal and distal halves, which were treated separately. The boundaries 180 between the two halves were defined by the two images showing the highest cross-sectional areas 181 (CSA). In QUAD, these two images were also utilized to calculate peak CSA (CSA peak ). Prior to 182 MR scanning, subjects were instructed to abstain from physical activity for the last 48h leading up 183 to scanning and were instructed to abstain from ingestion of food and drinks for the last 2h.
184
Analyses of MR images were performed in a blinded fashion. For representative MR images, see 185 Figure 4B .
186
Immunohistochemistry 187
For determination of muscle fiber composition, formalin-fixed muscle biopsies were processed 188 using an Shandon Excelsior ES (Thermo Scientific, USA), before it was paraffin-embedded and 189 sectioned (4 µm), whereupon transverse, serial sections were labelled for MyHC1 (A4.840),
190
MyHC2A (EPR5280) and MyHC2X (6H1), as previously described (17 unevenly distributed changes in fiber sizes. This did not affect muscle fiber integrity, and thus had 197 no effect on muscle fiber type characterization. Moreover, due to a technical challenge with the 198 6H1-antibody, which might be related to the low stability of the antibody, as discussed in Ellefsen For the sake of the muscle fiber proportions calculated and presented in the current study, For determination of myonuclei numbers, we first stained the sarcolemma using a 220 dystrophin-specific antibody (ab15277), as described above, followed by haemotoxylin staining 
Gene expression 230
Gene-specific primers for reference genes and target genes were designed as previously described 231 (16, 17), using Primer3 Plus (68). For each gene, a minimum of three primer pairs were designed 232 (16), with exception of the MyHC genes, for which a minimum of five primer pairs were designed 233 (17). To avoid genomic contamination from affecting gene expression analyses, primer pairs were 234 either located to span exon-exon boundaries containing genomic introns >~1000 nucleotides or to 235 include at least one primer positioned directly across an exon-exon boundary, whenever possible.
236
HPLC-purified primers were ordered from Thermo Scientific (Waltham, MA, USA). All primer 237 pairs were tested using the below described qRT-PCR protocol, employing a primer concentration 238 of 100 nM and an annealing temperature of 60° C. The primer pair showing the lowest Ct value and 239 at the same time showing distinct melting curves were chosen. Primers sequences are given in Table   240 2. consisted of an initial denaturation step at 94°C for 30 sec, followed by 39 repeats of 94°C for 3 s 257 and 60°C for 30 s. For SYBR® Select Master Mix-based reaction, cycling consisted of initial UDG-activation at 50°C for 2 min, followed by denaturation at 95°C for 2 min and 39 repeats of 94°C for given for each primer pair in Table 2 . qRT-PCR analyses were performed in a blinded fashion.
266
Calculation of target gene expression was either performed using gene-family profiling 267 (GeneFam; for MyHC1, 2A and 2X) (15, 17) or GeNorm (for the remainder of target genes) (69). to values between 0 and 1. Finally, we calculated mean values of MyHC proportions, using both 307 immunohistochemistry-and GeneFam-data. In effect, this provided us with a combined measure of 308 individually ranked MyHC proportions. Prior to statistical testing, these data were arcsine-309 transformed, as previously described. It is worth stressing that the outcome of these correlation 310 analyses were not dependent on utilization of our developed combined measure of MyHC, meaning 311 that similarly strong correlations were found using immunohistochemistry-and GeneFam-based 312 data alone. However, in our hands the combined MyHC measure typically provide more consistent 313 data, perhaps by taking into account volumetric variation in MyHC proportions (i.e. through the 314 mRNA-based approach) or by eradicating some of the issues relating to the presence of hybrid 315 fibers, which is a particular issue when quantifying 2X-fibers (17).
316
To ensure normal distribution, data on serum hormone concentrations and GeNorm- 
Results
325
Effects of twelve weeks of BFR and HST on 1RM and muscle CSA 326
Twelve weeks of BFR resulted in 10 ± 7% increase in unilateral 1RM knee extension performance 327 in previously untrained women (p<0.05; Figure 3 ). This was similar to the efficacy of HST, 328 performed by the contralateral leg, which resulted in a 12 ± 6% increase in 1RM (p<0.05; Figure 3 ).
329
In both legs, increases in 1RM were accompanied by increases in CSA of both distal and proximal 330 halves of QUAD and VL (p<0.05; Figure 4A ). In QUAD, increases in distal CSA was similar 331 between BFR and HST legs (6 ± 4% vs 7 ± 8%, respectively; Figure 4A ), whereas increases in 332 proximal CSA was more pronounced in the HST leg (6 ± 4% vs 9 ± 4%, p<0.05; Figure 4A ). In VL, 333 increases in distal and proximal CSA were similar between training protocols (8 ± 6% vs 7 ± 5% 334 and 7 ± 5% vs 10 ± 5%, respectively; Figure 4A ). In QUAD, CSA peak was increased in both BFR 335 and HST legs (5 ± 4% and 8 ± 4%, respectively; p<0.05), with a statistical difference being detected 336 between legs (p<0.05), favoring HST. Changes in CSA peak of QUAD correlated largely with 337 changes in 1RM in both BFR and HST legs (r=0.61 and r=0.61, p<0.05; Figure 5A ). In addition, 338 changes in CSA peak of QUAD in BFR and HST legs correlated very largely with each other (r=0.76, 339 p<0.05; Figure 5B ). 
354
Effects of BFR and HST on serum hormone levels 355
At wk0 and wk12, acute sessions of BFR and HST led to equally substantial elevations of s-HGH, 356 both 1 min and 30 min after training (p<0.05, Figure 9A ). In addition, at wk0, BFR led to slight 357 elevations of s-COR at both 1 min and 30 min (p<0.05, Figure 9B ), while at wk12, it led to slight 358 elevation of s-SHBG at 1 min (p<0.05, Table 3 ). Training had no effect on s-AND (Table 3) .
359
Overall, acute hormonal responses to exercise did not differ between training protocols. Notably,
360
we also tried to quantify serum testosterone levels. Unfortunately, these data had to be excluded 361 from subsequent analyses because only three individuals showed serum concentrations above the
364
Insert Figure 9 and Table 3 around here
365
Effects of BFR and HST on gene expression 366
In VL-biopsies, BFR and HST had similar effects on expression of the 29 genes involved in muscle 367 function and plasticity investigated (Figure 10) , measured both acutely after training sessions at 368 wk0 and wk12 and in the rested state at wk12. While 12 week training had no effect on markers for 
405
The 2X→2A shift suggests that the two protocols led to similar activation of 2X fibers.
406
According to the size principle of motor unit recruitment (23), these fibers are the last to be found by Kazin and Strazar (27) , who noted on a tendency towards suppressed increases in CSA in QUAD following BFR at the location under the tourniquet. This impairment have several potential 441 explanation: i) it may be a direct result of the sheer pressure exerted by the inflated tourniquet itself, 442 ii) it may result from the accompanying extraordinary metabolic/ischemic stress (resulting in "too 443 much" stress), or iii) it may result from altered mechanics of the exercise. Further research is 444 needed to explore this phenomenon and also to elucidate on why the impairment was more 445 pronounced in some muscle bellies than in others, being absent or at least less pronounced in VL.
446
It was also somewhat surprising that the increased CSA of QUAD/VL was not accompanied exemplified by the very large correlation between changes in CSA peak of QUAD, with between-488 subject variation being as high as 0% to 17%.
489
Of the 29 genes investigated in the present study, two observations deserve particular 490 attention. First, this is the first study to show that SYND4 is an exercise-responsive gene, displaying 491 robust increases in expression in response to both BFR and HST in human skeletal muscle. From previous studies, expression of SYND4 is known to be restricted to satellite cells (6), where it plays 493 essential roles in controlling muscle regeneration (7). It displays increased expression following The training intervention. While BFR and HST protocols resulted in similar changes in 508 functional and biological parameters in the present study, we cannot rule out the possibility that 509 either of the protocols exerted contralateral effects; i.e. that training of one leg led to adaptations in 510 the opposite leg through neurological or hormonal pathways (4). However, efforts were made to 511 counteract such treatment interactions by including two features into the study flow: i) subjects 512 were set to perform familiarization sessions to both BFR and HST prior to testing and intervention 513 upstart, and ii) subjects were not allowed to perform BFR and HST on the same day. The latter 514 ensured complete wash-out of hormonal responses prior to the next session, which could have Notably, in the current study, the BFR protocol was associated with higher training volumes 
531
In essence, this means that lowering the BFR training volume to match the HST volume would not 532 have affected relative efficacies. Importantly, our rationale behind the choice of protocols was not 533 based on performing equal amounts of work with both thighs, but on comparing two quite typical 534 and proven protocols for each type of exercise (46, 73, 74) .
535
Conclusion. In the present study, we utilized a within-subject protocol to show that BFR and responses to BFR and HST was greater in individuals with higher proportions of type 2 fibers, ii) 543 SYND4 seems to be an exercise-inducible gene in skeletal muscle, and iii) muscle hypertrophy in 544 proximal QUAD was impaired in the BFR leg, potentially being a passive effect of the presence of 545 an inflated tourniquet during training.
546
Perspectives and Significance
547
The present intervention involved two sessions of BFR a week, representing a practical approach to 548 BFR that can be implemented into any training and rehabilitation program. This may be of 549 particular interest to individuals with limited tolerance to training with high loads, such as those 550 suffering from rheumatoid diseases or similar. In the future, it will thus be important to explore the 551 efficacy of BFR in other demographic groups, with particular focus on patient groups. This being 552 said, it will also be interesting to explore the effects of BFR in athletes, e.g. investigating its effect 553 on endurance performance, wherein HST has come to play an important role (57, 58, 71).
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